Observation of excited states in $^{20}$Mg sheds light on nuclear forces
  and shell evolution by Randhawa, J. S. et al.
Observation of excited states in 20Mg sheds light on nuclear forces and shell evolution
J.S. Randhawa1,2, R. Kanungo1,2, M. Holl1,2, J. D. Holt2, P. Navratil2, S. R. Stroberg2, G. Hagen3,4, G. R.
Jansen5,3, M. Alcorta2, C. Andreoiu6, C. Barnes1, C. Burbadge7, D. Burke8, A. A. Chen8, A. Chester6, G.
Christian2, S. Cruz2, B. Davids2,9, J.Even2∗, G. Hackman2, J. Henderson2, S. Ishimoto10, P. Jassal1,2, S.
Kaur1,11, M. Keefe1, D. Kisliuk7, R. Kru¨cken2,12, J. Liang8, J. Lighthall2, E. McGee7, J. Measures2, M.
Moukaddam2, E. Padilla-Rodal13, A. Shotter14, I.J. Thompson15, J. Turko7, M.Williams2,16, O. Workman1
1Astronomy and Physics Department, Saint Mary’s University, Halifax, NS B3H 3C3, Canada
2TRIUMF, Vancouver, BC V6T2A3, Canada
3Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
4 Department of Physics and Astronomy, University of Tennessee, Knoxville, TN 37996, USA
5 National Center for Computational Sciences, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
6Department of Chemistry, Simon Fraser University, Burnaby, BC V5A 1S6, Canada
7Department of Physics, University of Guelph, Guelph, ON N1G 2W1, Canada
8Department of Physics and Astronomy, McMaster University, Hamilton, ON L8S 4M1, Canada
9Department of Physics, Simon Fraser University, Burnaby, BC V5A 1S6, Canada
10High Energy Accelerator Research Organization (KEK), Ibaraki 305-0801, Japan
11Department of Physics and Atmospheric Science,
Dalhousie University, Halifax, NS B3H 4R2, Canada
12Department of Physics and Astronomy, University of British Columbia, Vancouver, BC V6T 1Z1, Canada
13Instituto de Ciencias Nucleares, UNAM, AP 70-543, 04510 Mexico City, Mexico
14University of Edinburgh, Edinburgh, United Kingdom
15Lawrence Livermore National Laboratory, L-414, Livermore, California 94551, USA and
16Department of Physics, University of York, Heslington, York, United Kingdom, YO10 5DD
(Dated: January 8, 2019)
The exotic Borromean nucleus 20Mg with N = 8, located at the proton drip-line provides a
unique testing ground for nuclear forces and the evolution of shell structure in the neutron-deficient
region. We report on the first observation of proton unbound resonances together with bound
states in 20Mg from the 20Mg(d,d′) reaction performed at TRIUMF. Phenomenological shell-model
calculations offer a reasonable description. However, our experimental results present a challenge
for current first-principles nuclear structure approaches and point to the need for improved chiral
forces and ab initio calculations. Furthermore, the differential cross section of the first excited state
is compared with distorted-wave Born approximation calculations to deduce a neutron quadrupole
deformation parameter of βn=0.46±0.21. This provides the first indication of a possible weakening
of the N = 8 shell closure at the proton drip-line.
PACS numbers: 24.50+g, 25.45.De, 25.60.-t, 25.70.Ef
The evolution of shell structure over the nuclear land-
scape is a manifestation of strong interactions in the com-
plex nuclear many-body system. Properties of nuclei at
the neutron and proton drip-lines provide new arenas to
investigate the effects of large proton-neutron asymme-
try and understand the persistence of mirror symmetry.
Shell structure evolution in neutron-rich and proton-rich
nuclei [1–12] are leading to new insights into nuclear
forces, including the role of three-body forces [13, 14].
The region around the N = 8 shell closure draws par-
ticular interest, since this shell gap disappears at the
neutron drip-line and leads to the formation of a two-
neutron halo in the Borromean nucleus 11Li. The small
two-neutron separation energy (S2n = 360 keV) of
11Li
results in the excited states of 11Li being unbound. Less
is known about the structure of nuclei at the proton drip-
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line. The N = 8 isotone at the proton drip-line, 20Mg,
is also a Borromean system whose two-proton separation
energy is S2p = 2.337(27) MeV [15]. There is no ex-
perimental information on resonances above the proton
threshold in 20Mg. In this work we present the first obser-
vation of a resonance in 20Mg through deuteron inelas-
tic scattering. This measurement provides new insight
into shell evolution as well as tests of ab initio predic-
tions. The resonance(s) in 20Mg could also contribute to
a potential breakout path from the hot CNO cycle via
two-proton capture on the waiting point nucleus 18Ne in
Type-I x-ray bursts [16].
Microscopic cluster model [17] predictions for the 2+
state agree with the experiment [18, 19]. A 4+ state is
predicted at 3 MeV, this state is predicted around 3.8
MeV, using a beyond the mean field approach [20]. Pre-
dictions based on an angular momentum projected gen-
erator coordinate framework [21], find the 2+1 and the
4+1 states to be higher in energy around, 3.5 MeV and
7.8 MeV, respectively. Ab initio calculations in a many-
body perturbation theory (MBPT) framework including
ar
X
iv
:1
90
1.
01
74
1v
1 
 [n
uc
l-e
x]
  7
 Ja
n 2
01
9
2the three-nucleon (3N) force [22] predict the first excited
state in fair agreement with Refs.[17, 20]. The predic-
tions widely vary however, for states above the proton
threshold with the 2+2 and 4
+
1 states being nearly degen-
erate placed around 4.2 MeV. Experimental information
on these states above the proton threshold, is therefore
necessary for testing the nuclear structure models and
nuclear forces.
In addition, mass measurements of 20,21Mg [23] can-
not be reconciled with the known isobaric mass multiplet
equation for 20Mg from isospin symmetric shell-model
Hamiltonians [24] or with that including isospin non-
conserving interactions [25]. The ab initio predictions
based on MBPT [22] show a stronger isospin dependence
of the IMME than is experimentally observed [23]. The
energy of the lowest T = 2, Jpi = 0+ state in 20Na mea-
sured from superallowed β+ decay of 20Mg however suc-
cessfully describes the T = 2, mass 20 multiplet by a
quadratic IMME [26]. Excited states of the mirror nuclei
20Mg and 20O can provide further insight into the isospin
dependence of the nuclear interaction and the nature of
the N = 8 shell closure at the proton drip-line.
The first excited state of 20Mg is a bound state that
was observed first through gamma ray detection from the
9Be(22Mg,20Mg+γ)X reaction [18] exhibiting a peak at
1.598(10) MeV. A gamma transition at 1.61(6) MeV was
also observed in the Coulomb excitation of 20Mg with
a Pb target at 58.4A MeV [19]. Assuming this as the
2+ state, a B(E2; 0+ → 2+) value of 177(32) e2fm4 was
deduced [19], which is in good agreement with predictions
in Refs.[21] as well as the cluster model predictions [17].
In order to obtain insight on the deformation of neutrons
in this N = 8 isotone, inelastic scattering with a hadronic
probe is needed together with information derived from
Coulomb excitation.
In this article, we report the first study of deuteron
inelastic scattering on 20Mg, populating new resonances
together with the ground and first excited states in this
proton drip-line nucleus. The experiment was carried out
using the IRIS reaction spectroscopy facility [28] at TRI-
UMF. A schematic view of the detector layout is shown
in Fig.1. The radioactive beam of 20Mg was produced
via fragmentation of a SiC target with 480 MeV protons.
The beam was re-accelerated using the ISAC-II super-
conducting LINAC [29] to 8.5A MeV and then passed
through an ionization chamber, filled with isobutane gas
at 19.5 Torr at room temperature. The energy loss of
the beam, measured in this detector, provided an event
by event identification of the 20Mg incident beam and its
contaminant 20Na throughout the experiment. Follow-
ing this, the beam interacted with a thin windowless solid
deuterium 2H (D2) reaction target built on a 4.5 µm thick
Ag foil backing facing upstream of the D2 layer. The tar-
get cell with the foil was cooled to 4 K, before forming
solid D2. The energy of the elastic scattered beam on the
Ag foil was measured with and without D2, providing a
continuous measurement of the target thickness during
the experiment. These scattered beam particles were de-
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FIG. 1: Schematic view of experimental setup at IRIS.
tected using a double sided silicon strip detector placed
33 cm downstream of the target, covering laboratory an-
gles 1.9◦ to 6.1◦. The average target thickness was 65
µm, and the value at each instant of time (each data
collection run) was used for determining the scattering
cross sections. The deuterons scattered out from reac-
tions were detected using annular arrays of 100 µm thick
single sided silicon strip detectors followed by a layer of
12 mm thick CsI(Tl) detectors. This detector combina-
tion served as an energy-loss (∆E) and total energy (E)
telescope for identifying the p, d, t and He recoils after
the target. The CsI(Tl) detectors were calibrated using
the elastic and inelastic scattering from a beam of 20Ne.
The detector telescope covered scattering angles of θlab
= 30.1◦ to 56.2◦.
The excitation spectrum of 20Mg, shown in Fig.2a,
was reconstructed using the missing mass technique from
the energy and scattering angle of the deuterons, mea-
sured by the silicon-CsI(Tl) telescope. The deuteron
scattering can detect proton unbound resonances with no
background from decay protons, unlike proton inelastic
scattering. The ground state peak from 20Mg(d,d) elas-
tic scattering is clearly visible together with two promi-
nent peaks, one below and one above the proton thresh-
old. The background from the Ag foil was measured
by collecting data without D2 and is shown with the
green dashed-dotted histogram normalized by the inci-
dent beam intensity. This background contribution was
≈ 10% of the total spectrum. The non-resonant back-
ground from 20Mg+d →18Ne+p+p+d estimated from
Monte Carlo simulation, including the detection condi-
tions, is shown by the blue short dashed histogram. The
total background from these two contributions is depicted
by the red dashed histogram and is normalized to the
data in the excitation energy region greater than 6.5
MeV.
The background subtracted excitation spectrum
(Fig.2b), was fitted by a sum of two Gaussians, for the
two bound state peaks, and two Breit-Wigner functions
folded by Gaussian profiles accounting for the detection
resolution, for the unbound resonance peaks. The exci-
tation energy resolution (σ) for the ground state peak
was 0.71 MeV for θlab= 35
◦ and 0.45 MeV for θlab= 50◦,
which is in fair agreement with simulations. The reso-
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FIG. 2: (a) The excitation energy spectrum for 20Mg mea-
sured from 20Mg(d,d′) reaction (black histogram). The mea-
sured background from Ag backing foil (green dashed-dotted
histogram). Background from 20Mg+d→18Ne+p+p+d four-
body phase space (blue dashed histogram). The red his-
togram shows the total background (sum of blue and green
histograms). (b) Background subtracted excitation energy
spectrum for 20Mg. The curves show the results of fitting
(see text). The blue dashed curves are the individual fitting
components and the red curve is the their sum.
lution improves for the excited states to 0.48 MeV for
the newly observed second excited state as determined
based on simulations. The excitation energy of the first
excited state peak is found to be 1.65+0.02−0.10 MeV which is
in good agreement with the observations in Refs.[18, 19].
Above the proton threshold, the most prominent peak is
observed at an excitation energy of 3.70+0.02−0.20 MeV with
an apparent resonance width of 0.47±0.06 MeV after un-
folding the resolution. The excitation energy uncertain-
ties include observable peak shifts for possible systematic
effects besides peak fitting. A small structure is also ob-
served at a higher excitation energy of 5.37±0.02 MeV
where the uncertainty quoted is from fitting only.
The energies of the first two excited states states ob-
served in 20Mg are in close agreement with those of the
mirror nucleus 20O [27]. Shell model calculations with
the phenomenological USDB [24] interaction without any
isospin dependence are in fair agreement with the data
(see Fig. 3), though the first excited state is predicted
slightly higher in energy and the second excited state ob-
served seems closer to the predicted 4+ state. Calcula-
tions with an improved USDB interaction, including the
Coulomb corrections and isospin dependence of Ref. [30],
provide excellent agreement with the first excited (2+)
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FIG. 3: Measured excited states (this work) in 20Mg
(black filled squares) compared to theoretical predictions.
Ab initio predictions in MBPT framework with the chi-
ral NN+3N interaction [22], IMSRG framework with EM,
N2LOsat, NN+3N(400) and NN-N
4LO+3N(lnl) interactions,
CCEI framework with the EM, NN+3N(400) and NN-
N4LO+3N(lnl) interactions, and shell model with USDB in-
teractions without and with isospin dependence. The spins of
the predicted states are indexed in the figure.
state while the observed second excited state is midway
between the predicted 4+1 and 2
+
2 states. Given the small
predicted energy difference of these states, it may be pos-
sible that the new resonance peak observed in the exper-
iment is an overlap of these two states. Furthermore,
valence-space calculations within the MBPT framework,
based on NN+3N forces [22] (within an extended proton
valence space that included the sd shell plus f7/2 and p3/2
orbitals), also predict the first excited 2+ energy in good
agreement with experiment, but higher-lying states are
several hundred keV above the observed resonances. This
could be expected since these calculations neglect effects
of continuum coupling, which typically lower states by a
few hundred keV.
New ab initio calculations were therefore performed.
In particular, we use the valence-space in medium simi-
larity renormalization group (VS-IMSRG) approach [31–
33], and the coupled-cluster effective interaction (CCEI)
method [34, 35]. The VS-IMSRG approach constructs an
approximate unitary transformation [36, 37] to first de-
couple the 16O core, as well as an sd valence-space Hamil-
tonian, diagonalized using the NuShellX@MSU shell-
model code [38]. We further capture the bulk effects of
3N forces between valence nucleons with the ensemble
normal-ordering procedure of Ref. [39], thereby produc-
ing a unique valence-space Hamiltonian for each nucleus
to be studied. This allows us to test nuclear forces in
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FIG. 4: Angular distribution data (black filled circles) in
the center-of-mass frame (c.m.) for (a) 20Mggs (b)
20Mgex;
1.65 MeV (c) b) 20Mgex; 3.7 MeV. The black curve in (a) is a
calculation using phenomenological optical model potential.
The DWBA calculations are shown by red solid / blue dotted
curves for L = 2 / L = 3 in (b) and red solid/green dotted
curve for L = 2 / L = 4 in (c).
essentially any fully open-shell system accessible to the
nuclear shell model with a level of accuracy compara-
ble to large-space ab initio methods. In the CCEI ap-
proach, similar to the VS-IMSRG method, one calculates
the valence-space effective interaction starting from a chi-
ral NN+3N interaction and applies the obtained zero-
plus-one-plus-two-body interaction in the standard shell
model diagonalization. The CCEI approach [35] utilizes
coupled-cluster method to perform ab initio calculations
for Ac, Ac + 1 and Ac + 2 system with Ac the number
of nucleons in the core (here Ac = 16). The Okubo-Lee-
Suzuki similarity transformation [40, 41] is then used to
obtain an effective sd-shell interaction.
We take several sets of initial NN+3N forces in this
work. The first, EM(1.8/2.0) [42, 43], begins from the
chiral NN N3LO force [44] with a nonlocal 3N force fit
in A = 3 and 4-body systems, but reproduces ground-
and excited-state energies to the tin region and beyond
[45, 46]. The second, NN+3N(400) begins from the same
NN force, but with local 3N forces [47, 48], yields accurate
binding energies and spectra in and around the oxygen
isotopes [32, 34, 49, 50]. Next, we utilized a newly de-
veloped chiral potential at N4LO [51] combined with an
N2LO 3N interaction with parameters fitted to the 3H
binding energy and half-life (NN-N4LO+3N(lnl)). Fi-
nally N2LOsat has been fit to medium-mass data and
reproduces ground-state energies and radii to the nickel
region [52].
VS-IMSRG calculations based on the EM(1.8/2.0) in-
teraction accurately predicts the energy of the first 2+
state, but states above the proton threshold are lower
than the experimental observations as well as the shell
model predictions. The N2LOsat interaction has the
worst agreement predicting the first excited state at only
600 keV. The other two interactions, NN+3N400 and NN
N4LO+3N(lnl), provide similar results as EM(1.8/2.0),
but with slightly lower 2+1 energies and a greater spread
in higher-lying states.
The MBPT results use older generation NN+3N forces
and an extended valence space. We therefore compare
the VS-IMSRG and CCEI frameworks where very sim-
ilar results are obtained with the same forces, with the
VS-IMSRG spectrum being modestly more spread. This
is likely due to the inclusion of repulsive 3N forces be-
tween the four valence protons via the ensemble normal
ordering procedure in the VS-IMSRG approach. There is
a greater variance in the predicted energies for different
nuclear forces.
We note here that, binding energy from the CCEI
calculations with NN+3N(400) for 20Mg agree with
the experiment. To further check the VS-IMSRG and
CCEI calculations, we also performed no-core shell model
(NCSM) [53] calculations with the same interactions. For
technical reasons, the largest basis space we could reach
was Nmax = 6 (utilizing the importance-truncation ap-
proach [54]). Such a space is too small to reach con-
vergence and obtain a reliable estimate of excitation en-
ergies. However, our NCSM results within their uncer-
tainties were consistent with the valence-space methods
for binding energy as well as for the 2+1 state excitation
energy.
The observed unbound state of 20Mg therefore, points
to the need for refinement of the nuclear forces although
the IMSRG framework with the EM interaction (3N-full)
in Ref.[33] was shown to explain the spectra for Ne and F
isotopes. While, the role of continuum effects needs to be
assessed it should be noted that coupling to the contin-
uum generally lowers the excitation energy as shown in
Ref.[55]. Furthermore, the shell model predictions with-
out any coupling to the continuum agree well with the
data.
The differential cross sections of the ground state, first
and second excited states were derived from the area un-
der the background subtracted peaks for different angu-
lar bins (Fig.4). The Woods-Saxon shape optical poten-
tial parameters for the 20Mg+d interaction were deter-
mined from the best fit of DWBA calculations to the
elastic scattering angular distribution data (Fig.4a) us-
ing sFRESCO [56]. These parameters were then used
5for calculating the angular distributions for the excited
states. The angular distribution of the first excited state
(Fig.4b) is consistent with a multipolarity of excitation
L = 2, thereby determining for the first time its spin
of 2+. The normalization of the calculation to the data
provides the deformation length δ to be 1.33±0.23 fm,
where δ = ZAδp +
N
A δn with δp and δn being the proton
and neutron deformation lengths, respectively. The de-
formation parameter is given by β = δ/R with R being
the radius. δp was determined to be 1.32±0.12 fm from
the quadrupole proton deformation parameter 0.44(4) de-
rived from Coulomb excitation [19] and a proton radius
value of 3 fm that is consistent with theoretical predic-
tions [57–59]. Therefore, a quadrupole deformation pa-
rameter for neutrons, βn = 0.46±0.21 is found. This
large non-zero value within one standard deviation un-
certainty, depicts neutron deformation and therefore a
first signature of possible weakening of the N = 8 shell
closure. The βn for
20Mg is in agreement with β of the
mirror nucleus 20O found from proton scattering [60].
Using the prescription of [60] βn = 0.46±0.14 for 20Mg.
The proton deformation parameter of 20O obtained from
B(E2) measurements [61] is also in agreement.
The angular distribution for the second excited state
(Fig.4c), is not explained by either L = 2 (χ2red ≈ 2.7)
or L = 4 (χ2red ≈ 4.1) excitation. There may be a pos-
sibility that the resonance peak has a mixture of L = 2
and 4. The observed resonance energy lies between the
predicted 2+2 and 4
+ states with the isospin dependent
USDB interaction reflecting the importance of isospin de-
pendence.
In summary, the first observation of proton unbound
excited states in 20Mg at 3.70+0.02−0.20 MeV and around 5.37
MeV from deuteron inelastic scattering is reported. The
new data present a challenge for different nuclear forces
from chiral effective field theory and ab initio calcula-
tions in the VS-IMSRG and CCEI frameworks since the
results underpredict the observed resonance energy, al-
though ground state binding energies were explained.
This first systematic study shows that some of the differ-
ent force prescriptions exhibit larger variance in the pre-
dicted energy, while the predictions from the two many
body methods are similar using the same starting forces.
The spin of the first excited state is determined to be
2+ and a neutron quadrupole deformation parameter βn
= 0.46±0.21 is found from its differential cross section.
This large deformation provides first signature of possi-
ble weakening of the N = 8 shell closure at the proton
drip-line. The data will therefore motivate further exper-
imental and theoretical studies to explain the observed
features.
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